The MPEG-2 compression algorithm is very sensitive to channel disturbances due to the use of variable length coding. A single bit error during transmission leads to noticeable degradation of the decoded sequence quality in that part or entire slice information is lost until the next resynchronization point is reached. Error concealment (EC) methods, implemented at the decoder side, present one way of dealing with this problem. An error concealment scheme that is based on block matching principles and spatio-temporal video redundancy is presented in this paper. Spatial information (for the rst frame of the sequence or the next scene) or temporal information (for the other frames) is used to reconstruct the corrupted regions. The concealment strategy is embedded in the MPEG-2 decoder model, in such a way that error concealment is applied after entire frame decoding. Its performance proves to be satisfactory for packet error rates (PER) ranging from 1% to 10% and for video sequences with di erent content and motion and surpasses that of other EC methods under study.
I. Introduction
In the prospect of digital TV (SDTV/HDTV) or multimedia applications, a wide range of video compression standards has emerged to satisfy their numerous requirements mainly for low bitrates and good quality. The MPEG-2 compression standard is one of them, developed mainly for digital TV/HDTV (high de nition TV) broadcasting applications. Its applications further extend to videoon-demand (VOD), computer multimedia, video conferencing, electronic cinema, electronic news gathering, storage, direct broadcast satellite (DBS) or digital video broadcast (DVB). MPEG-2 1]-4] is a lossy algorithm that is based on motion-compensated DCT block transform and variable length coding allowing compressed bitstreams at rates close to 5 Mbps for NTSC/PAL quality. It exhibits a hierarchical structure: sequence, group of pictures (GOP), picture (I-, P-or B-frames), slice, macroblock (MB) and block. Transmission of MPEG-2 compressed bitstreams through various transmission media DRAFT (satellite or terrestrial) involves tasks such as packet format speci cation, multiplexing, network trans- Transmission through physical communication channels is liable to errors, being either packet/cell losses or bit errors (isolated or in bursts), referred to as bitstream errors. They frequently result in loss of the decoder synchronization, which becomes unable to decode until the next resynchronization point.
Since resynchronization points are placed at the header of each slice by the MPEG-2 coder, unless otherwise speci ed, transmission errors may lead to partial or entire slice information loss and to severe degradation of the currently decoded frame quality, as well as of that of the subsequent decoded frames in a group of pictures (GOP) due to temporal error propagation. Error resilience may be achieved in three ways: (a) modi cations to the encoding process to increase robustness to errors, (b) error detection and control, entropy-coding and robust packetization prior to or during transmission, (c) modi cations to the decoding process and use of error concealment methods at the decoder. During of block scanning and VLC present methods that fall into the rst error resilience category. This category further includes methods that implement a 9 9 with one pixel overlap block DCT 
The present study focuses on the problem of error concealment assuming the existence of appropriate error detection. The presented EC scheme consists of a spatial method, called split-match EC method, for the rst intra-frame concealment, since no temporal information is available for it, and a temporal one, called forward-backward block matching EC method, for concealing the other frames of an MPEG-2 coded video sequence. The EC scheme is embedded in the MPEG-2 decoder model and is based on block matching principles proving to be of improved performance compared to other ECs under study even for high packet error rates and sequences of varying content and motion. Care is taken to keep its complexity as low as possible for real-time capabilities. The structure of the paper is as follows.
In Section II, the types of errors observable in a decoded video sequence are explained, for better problem understanding. Sections III and IV describe the two EC methods comprising the presented EC scheme. Alternative approaches to spatial EC based on anisotropic di usion principles are also presented in Section III. A short description of some known EC methods that are compared with the presented ones is also given in Sections III and IV. Section V summarises the simulation results.
Concluding remarks are outlined in Section VI.
II. Types of Errors
Transmission errors lead to two types of errors observable at the decoded video sequence:
Bitstream errors. They result from direct bit errors or cell/packet loss in the transmitted bitstream and may lead to loss of the decoder synchronization.
Propagation errors. They are caused due to predictive coding. Since temporal prediction is applied in P-and B-frames, such errors are observed only in these frames. Errors in previously decoded anchor frames (I-or P-frames) propagate to subsequent in coding order frames.
Appropriate transport structure (MPEG-2 transport packets) and error detection mechanisms (ATM/ AAL, channel/source error detection) enable the decoder to decide on the spatio-temporal locations except for a slice delay, since the next slice should be decoded before the current can be concealed.
Anisotropic di usion reduces the blurring e ect of the spatial interpolation method, although it still fails to reconstruct areas with many details or edges and lines other than vertical ones. Its use in combination with the subsequently described EC method diminishes these drawbacks, as it is explained later on.
B. Spatial Split-Match EC Method
In order to deal with the problem of reconstructing lost regions with high spatial detail, texture or edges (other than vertical ones), spatial region similarity principles have been applied in existing neighbouring regions and concealment has been performed in the direction de ned by the detected similar regions. These concepts have been incorporated in the Split-Match EC method. The ow chart of its algorithm is shown in Figure 1 . Apart from the region similarity evaluation and concealment tasks, a split-match process is embedded in the algorithm, which decreases the size of the top and DRAFT bottom neighbouring regions to be matched when region matching in the previous step has failed. An overview of the implementation principles of each incorporated task is given subsequently.
Two approaches are adopted for neighbouring region similarity evaluation. In the rst approach, the In (5), Q is a constant factor, set to 0.5 in our simulations, that controls the strictness of the similarity rule. Despite its simplicity, this decision rule combined with the split-match task leads to remarkably good results. Furthermore, it alleviates the disadvantage of constant thresholds of the rst approach, since region \adaptive-like" thresholds are set by this method.
The split-match process has four steps as shown in Figure 2 , where MB C denotes the macroblock to be concealed and MB T , MB TL , MB TR , MB B , MB BL and MB BR represent the available top, topleft, top-right, bottom, bottom-left and bottom-right neighbouring macroblocks to MB C , respectively.
In the rst two steps, large neighbouring blocks are de ned for matching, whereas, at the last two steps, the minimum sized block (4 4) is used and di erent search regions are de ned. Such an approach DRAFT is adopted to ensure smallest processing time and best possible concealment. The initialization of this process with large block matching ensures that big homogeneous or textured regions will be reconstructed directly, thus avoiding processing delays or computational e ort. On the other hand, the satisfactory reconstruction of smaller homogeneous or textured regions, regions with small details, lines and edges, requires the matching of smaller blocks. A brief description of the four steps of the algorithm follows:
Step 1: Initialization -Maximum Block Size Initialization is performed by attempting to match the largest vertically neighbouring blocks b 1 and t 1 of size 16 8 pixels, as shown in Figure 2a . If these regions are considered similar, entire MB concealment follows by copying, as shown later on. Otherwise, the algorithm proceeds to the second step.
Step 2: First Splitting -Vertical Directions only
The initial blocks of the 1st step are split into two smaller ones, b 1 , b 2 and t 1 , t 2 , respectively, of size 8 8 (horizontal splitting) and matching is performed in the vertical direction only for each pair separately, i.e. b 1 with t 1 and b 2 with t 2 (see Figure 2b) . Thus, concealment of smaller at or textured regions (or regions at the borders of high spatial activity areas) is directly performed.
Step 
The block size remains the same and matching is performed between b k and t k shown in Figure   2d . This step is performed iteratively until entire MB concealment. It is noted that reconstruction of horizontal or almost horizontal lines or edges is impossible when using information from only top and bottom available MBs, especially in cases where several consecutive slices are lost.
As soon as a \best match" has been found, concealment is performed by one of the following three methods: (a) copying, (b) di usion or (c) interpolation of the image content of the best matched blocks into the lost region in the direction of the match. Copying is performed in the way shown in Figure 2 . The image content of the top/bottom neighbouring block of the \best match" is copied to the top/bottom part of the lost region in the direction of the match, respectively (e.g. in case that blocks b 1 and t 1 of the 1st step match, the image content of b 1 is copied into the top equally sized region of MB C represented by a light grey color and the image content of t 1 is copied into the bottom part of MB C represented by a darker grey color). In the rst two steps of the split-match process, concealment is directly performed without the involvement of any iterative process. In its last steps, though, an iterative procedure is necessary to conceal the regions left unconcealed in the previous steps or iteration. For this purpose, concealed areas of the lost MB are labelled to enable unconcealed area identi cation and they are not re-concealed when, in a next step or iteration, they lie in the direction of the best match. Concealment by copying leads to blocking artifacts in the concealed areas. In order to smooth this blocking e ect, the post-processing technique of 52] is used.
This method is performed only on the concealed areas. The algorithm of 52] decides whether the current pixel belongs to a monotone or edge MB and adjusts its behaviour accordingly. The decision is made on a bigger region than the size of a MB. However, only the MB considered is a ected. For the monotone MBs, smoothing is accomplished by ltering with a separable 2D 3 3 FIR lter with identical responses in the horizontal and vertical dimensions equal to f0.227, 0.547, 0.227g. For the DRAFT edge MBs, rst the direction of the edge is estimated and then the blockiness is reduced by 1D FIR ltering in the edge direction with an impulse response of f0.036, 0.282, 0.363, 0.282, 0.036g.
Concealment by anisotropic di usion is performed in the way described in Section III-A between border pixels of the best matched blocks. The determination of the pixels to be concealed located in the direction of the best match is performed in the way illustrated in Figure 3 . Those pixels, for which the inequality: x min x x max is valid, are concealed by employing anisotropic di usion between them and the border pixels of the best match. In more detail, concealment is applied to those pixels whose distance from the (0; 0) point in Figure 3 , when it is projected on the line perpendicular to the direction of the best match (thus producing value x), lies between the smallest, x min , and largest, x max , such distances. The latter are evaluated with respect to the location of the best matched blocks. This type of concealment is introduced to eliminate the need of employing a post processing technique for block artifact reduction, since di usion does not introduce many signi cantly visible blocking artifacts.
Concealment by bilinear interpolation is performed as in the case of anisotropic di usion, with the di erence that image content in the lost region is restored by interpolating the image content of the border pixels of the best match using a formula similar to (1) . Such kind of concealment is introduced for comparison purposes. Because blocking artifacts introduced by copying are more noticeable in the third and fourth steps of the split-match process, concealment by di usion or interpolation is employed only in these steps, whereas concealment in the rst two steps is achieved always by copying.
IV. Intra-/Inter-frame Error Concealment
Temporal information is available at the decoder for all but the rst frame in a single scene of an MPEG-2 coded sequence. This is true even for intra-coded frames (I-frames), since previously decoded P-frames already exist in the decoder frame bu er for the decoding of the subsequent in coding order B-frames. Consequently, temporal EC methods can be used for their concealment, which, in contrast to spatial ones, result in nearly perfect concealment in areas of no or little motion. temporal concealment is applied. When temporal activity is high, spatial interpolation is used. The method is applied to I-frames, while P-and B-frames are concealed by MC EC. Its performance is usually better than the other two, judging mainly from the perceived visual quality of the concealed sequences, with a small increase in complexity.
When motion uniformity does not apply for all neighbours of the lost MB or motion information is not available due to their intra-coding, none of the above mentioned methods performs satisfactorily.
The temporal forward-backward block matching EC method attempts to alleviate these drawbacks by selecting the neighbour that leads to the best possible concealment of the lost MB based on block matching principles. The concealment scheme is embedded in the decoder model as shown in Figure   4 , in such a way that concealment is performed after the entire frame decoding has been completed. If DRAFT the concealed frame is a reference one, it is stored in the previous or future picture bu er of the decoder to be used for decoding and concealing the frames which are next in the coding order, otherwise it is displayed. Thus, only the concealment of damaged by bitstream error blocks is necessary.
The temporal forward-backward block matching EC method exploits the temporal redundancy of an image sequence. The assumption of a smooth and uniform motion for at least some adjacent blocks is adopted. Temporal block matching is performed between the top and/or bottom macroblocks, MB T and MB B respectively, of the lost macroblock MB C , and equally sized blocks located in a prede ned search region in the reference frame/frames, its centre being MB C , as shown in Figure 5 . Neighbouring candidates for block matching are either the available top neighbour, MB T (case A in Figure 5 ), the available bottom one, MB B (case B), or the combination of both (case C). In the latter case, their vertical distance is restricted to 16 pixels (a MB's vertical dimension) and the movement of MB T and MB B in the search region is identical. Temporal matching is performed for all neighbouring candidates in a prede ned search region of size N M and the one that leads to MAD minimization is used to estimate the lost MB image content. Concealment is performed by copying into the lost MB area the image content of the appropriate neighbour of the temporal \best match". For example, if the case A candidate minimizes the respective matching error at a certain location inside the search region, the immediately bottom 16 16 neighbouring region of the temporal best match is copied into the lost area of equal size. The de nition and separate matching of di erent neighbouring candidates aims at dealing with cases where the smoothness of motion applies for some but not all neighbouring blocks. Temporal matching proves also useful when no motion vectors are available for adjacent MBs due to their intra coding. In order to reduce the computational complexity and processing time, the search region, initialized in the reference frame/frames, is set bigger if temporal matching is performed between far distant frames and decreases if they are closer in time. Furthermore, a logarithmic search rather than a full search may be employed. For I-and P-frames, the matching is performed between the current and the past reference frames, while for B-frames, matching is performed between the DRAFT current and the past as well as the future reference frames. The best match, in the latter case may be a part of either the past or the future reference frame. The reference frames are already decoded and stored in the decoder bu ers, even when I-frames require concealment. Consequently, no additional memory requirements are introduced.
An alternative approach is also considered for further processing time reduction, mainly for P-and B-frames, for which adjacent motion information is available at the decoder. Speci cally, much smaller search regions of size K L are initialized around their motion compensated ones in the reference frame/frames for the candidates of cases A and B in Figure 5 . Motion compensation is performed using the available motion vectors of adjacent blocks, as shown in Figure 5 . Motion vectors are used only if they exist. Motion vectors for I-frames may be obtained by the respective ones of the previously decoded P-frames.
V. Simulation Results
In order to evaluate the performance of the presented concealment scheme, three di erent 4:2:0 CCIR 601 sequences have been used, namely the Flower Garden (125 frames, large uniform motion, movement of background), the Mobile & Calendar (40 frames, moderate irregular motion, movement of background) and the Tunnel (100 frames, large irregular motion, static background) sequence. These have been coded by an MPEG-2 encoder at 5 Mbps at 25 fps (PAL) using slice sizes equal to an entire row of MBs, N = 12 (number of frames in a GOP) and M = 3 (number of frames between successive I-and P-or P-and P-frames). Layered coding (scalable pro les) has not been used. Table I for all test sequences measured on the rst I-frame. Table I Table I . However, di usion does not require post-processing of block artifacts as copying does, although the latter is simpler. Judging from the perceived visual quality of the concealed frames (Figure 6 ), the S-M EC method achieves to reconstruct spatial edges at various directions and results in smooth continuation of the image content in the lost areas, when spatial information is su cient for their retrieval. It is also observed that, although the use of adaptive thresholds might not lead to the best PSNR values, the subjective quality of the concealed frames is much better than that achieved using constant ones.
Average PSNR values evaluated on the test sequences concealed by the temporal Forward-Backward Block Matching (F-B BM) EC method and the temporal methods presented in Section IV are tabulated DRAFT in Table II . The F-B BM EC method surpasses all the other temporal ECs under study in almost all cases examined (di erent PER values and test sequences). This is further supported by the PSNR plots versus frame indices shown in Figure 7 and the achieved visual quality of the concealed frames, examples of which are illustrated in Figures 8-10 . This signi cant improvement results from the fact that concealment in I-frames is much better performed when taking into account temporal information as well. It is generally agreed that the an MPEG-2 coded video sequence quality is greatly a ected by the visual quality of its I-frames, since they serve as anchor frames for the decoding of P and B ones. The fact that they are coded independently from other frames aids in delimiting the propagation of decoding errors from frames in a previous GOP to frames in the next one. Therefore, their best 
